Bacterial pathogens can interfere during infection with host cell organelles, such as mitochondria, the endoplasmic reticulum-Golgi system or nuclei. As important cellular functions are often compartmentalized in these organelles, their targeting allows pathogens to manipulate key host functions during infection. Here, we identify lysosomes as a new class of organelles targeted by the pathogenic bacterium Listeria monocytogenes. We demonstrate that extracellular Listeria, via secretion of the pore-forming toxin listeriolysin O, alters lysosomal integrity in epithelial cells but not in macrophages. Listeriolysin O induces lysosomal membrane permeabilization and release of lysosomal content, such as cathepsins proteases, which remain transiently active in the host cytosol. We furthermore show that other bacterial pore-forming toxins, such as perfringolysin O and pneumolysin, also induce lysosomes alteration. Together, our data unveil a novel activity of bacterial cholesterol-dependent cytolysins.
1988). Several studies have now established that LLO can also be secreted by extracellular Listeria and forms pores in the host plasma membranes (reviewed in Hamon et al., 2012) . These pores allow potassium efflux and calcium influx, which alter the ionic balance of the host cell and trigger several signaling pathways leading to inflammasome activation and IL-1β secretion, mitochondria fragmentation, or histone posttranslational modifications (Hamon & Cossart, 2011; Meixenberger et al., 2010; Stavru et al., 2011; Stavru et al., 2013) . Pores formed at the plasma membrane can also alter other cellular processes, independently of ion fluxes, such as SUMOylation (Impens, Radoshevich, Cossart, & Ribet, 2014; Ribet et al., 2010) .
The endomembrane system is a privileged target of Listeria during infection (Lebreton et al., 2015) . In nonphagocytic cells, internalization of Listeria and its escape from the internalization vacuole requires tight control of the host endocytic compartments (Hamon et al., 2012; Pizarro-Cerda et al., 2012) . In professional phagocytes such as macrophages, survival of Listeria is promoted by intracellular secretion of LLO. This toxin alters phagosome integrity, delays their acidification, inhibits their fusion with lysosomes, and eventually participates in the disruption of phagosomal membranes (Henry et al., 2006; Shaughnessy, Hoppe, Christensen, & Swanson, 2006) .
In contrast to the reported effect of LLO on host endosomes or phagosomes, the consequences of Listeria infection on lysosomes remain poorly characterized. Lysosomes are single membrane-bound cytoplasmic organelles specialized in the degradation and recycling of macromolecules. These dynamic vacuoles are characterized by low pH and contain numerous hydrolases, such as cathepsins, as well as specific membrane proteins. Lysosomes are able to fuse and thus to degrade the content of a wide range of vesicles, including endocytic and phagocytic vacuoles, autophagosomes, or post-Golgi originating vacuoles. Besides their catabolic properties, lysosomes have been shown to have broader functions in cell homeostasis and are involved in secretion, membrane repair, cell growth, or cell death (Aits & Jaattela, 2013; Andrews, Almeida, & Corrotte, 2014; Luzio, Hackmann, Dieckmann, & Griffiths, 2014; Settembre, Fraldi, Medina, & Ballabio, 2013) .
Since their first description by Christian DeDuve in 1950s, lysosomes were often referred to as "suicide bags", as lysosomal membrane damage results in leakage of lysosomal content to the cytosol, which can then trigger apoptosis, pyroptosis, or necrosis (Boya & Kroemer, 2008; Repnik, Stoka, Turk, & Turk, 2012) . Indeed, various components, such as H 2 O 2 or sphingosine, can increase lysosomal membrane permeability, leading to the neutralization of lysosomal lumen and the release of cathepsins and other hydrolases into the cytosol (Boya & Kroemer, 2008) . The consequences of lysosomal membrane permeabilization (LMP) vary according to the extent of lysosomal damage and the cell type. While extensive LMP is often linked to necrosis or apoptosis, moderate LMP may trigger oxidative stress, due to the release of protons from the lysosomes into the cytosol and reduction of lysosomal catabolic capacities (Appelqvist, Waster, Kagedal, & Ollinger, 2013; Boya & Kroemer, 2008; Repnik, Hafner Cesen, & Turk, 2014) .
Here, we investigated whether Listeria interferes with host lysosome functions during infection. We demonstrated that the bacterial pore-forming toxin LLO triggers host lysosomes permeabilization and release of lysosomal proteases such as cathepsins in the cytosol. Our results identify host lysosomes as new targets of Listeria during infection. 
| Listeria infection neutralizes host cell acidic compartments
In order to determine whether Listeria alters host lysosome integrity during infection, we stained cells with acridine orange (AO), a lysosomotropic dye that emits red fluorescence when accumulating in acidic compartments such as lysosomes. AO-stained HeLa cells were infected with L. monocytogenes for 1 or 5 hr, fixed and analyzed by flow cytometry. We observed that infection by L. monocytogenes induces a significant decrease in AO fluorescence intensity, both at 1 or 5 hr of infection, which indicates a neutralization of host acidic compartments (Figure 1 ). To decipher whether the pore-forming toxin LLO was involved in this process, we infected HeLa cells with a Listeria mutant deleted for hly, the gene coding for LLO. Of note, in HeLa cells, LLO is not strictly required for bacterial escape from the internalization vacuole and Δhly Listeria are thus able to reach the host cytosol and replicate intracellularly in this cell type (Gründling, Gonzalez, & Higgins, 2003) . Strikingly, infection of cells with a Δhly Listeria mutant does not affect AO fluorescence intensity, suggesting that LLO is the virulence factor responsible for the observed loss of acidity of host compartments (Figure 1 ).
To confirm the involvement of LLO in this process, we treated AO-stained HeLa cells with sublytic concentrations of purified LLO (from 0.3 to 3 nM). Flow cytometry analysis showed that purified LLO can trigger a dose-dependent and time-dependent decrease of AO fluorescence intensity of treated cells (Figure 2a,b) . Neutralization of acidic compartments in response to LLO was further confirmed by microscopic analysis of cells stained with Lysotracker, another acidophilic dye (Figure 2c ).
We further assessed whether LLO-induced loss of AO fluorescence intensity is pore-dependent using an LLO mutant, LLO W492A , able to bind to cell membrane but unable to form pores (Ribet et al., 2010) . HeLa cells treated with LLO W492A do not show a decrease in AO fluorescence intensity indicating that pore formation is critical to induce changes in host compartments acidity (Figure 2d ).
We then determined whether LLO alters the acidity of intracellular compartments in other cell lines. Hep G2, a human liver epithelial Cathepsins, once released from the lysosomes, can be inactivated either by the neutral pH of the cytosol or by intracellular inhibitors such as stefins and serpins (Lee, Gulnik, & Erickson, 1998; Repnik et al., 2012; Turk et al., 1995) . Some cathepsins, however, were shown to retain their proteolytic activity at neutral pH for several hours 
| Listeria triggers host cell lysosomes permeabilization during infection

| LLO-dependent Ubc9 degradation is independent of lysosomal permeabilization
We have previously demonstrated that plasma membrane perforation by LLO triggers the degradation of Ubc9, an essential enzyme of the host SUMOylation machinery, and a remodeling of the host cell SUMOylome (Impens et al., 2014; Ribet et al., 2010) . This degradation can be partially blocked by an aspartyl-protease inhibitor (Ribet et al., 2010) . As several lysosomal proteases, such as Cathepsin D and Cathespin E, belong to the family of aspartyl-proteases, we assessed whether lysosomal proteases released by LMP might be involved in LLO-induced Ubc9 degradation. To do so, we inactivated lysosomal proteases by using a well-established protocol based on horseradish peroxidase (HRP)-mediated chemical crosslinking, which selectively targets endosomes and lysosomes (Laulagnier et al., 2011; Stoorvogel, 1998) . HeLa cells were incubated with HRP at 37°C for 15 min (pulse)
to internalize HRP into endosomes by fluid-phase endocytosis. After a chase period, allowing HRP to reach late endosome and lysosomes through the endocytic pathway, cells were incubated with H 2 O 2 and 3,3′-diaminobenzidine (DAB) that diffuses through cell membranes. Listeria, normalized to that of control cells ("CtsB" = substrate specific for cathepsin B; "cys-cathepsins" = substrate specific for cathepsins belonging to cysteine proteases) (mean ± SD from three independent experiments; *, p < 0.05; **, p < 0.01; NS = not significant; unpaired two-tailed Student's t test) differences in Ubc9 degradation could be observed in HeLa cells preincubated with HRP/DAB compared to control cells (Figure 5b ). These results suggest that Ubc9 degradation is independent of lysosomal proteases released into the cytosol after exposure to LLO.
| Host lysosomal permeabilization is triggered by other bacterial pore-forming toxins
Listeriolysin O belongs to the family of cholesterol-dependent cytolysins (CDCs), which includes toxins secreted by several extracellular pathogens (Hamon et al., 2012; Peraro & van der Goot, 2016) .
To decipher whether other bacterial pore-forming toxins may also induce host-cell lysosomal permeabilization, we treated AO-stained (Prince et al., 2008) . Infection with S. pneumoniae was also shown to trigger LMP and apoptosis of host macrophages (Bewley et al., 2011) . The involved mechanism is complex and partially requires the pneumolysin toxin but not its pore-forming activity, as well as additional bacterial factors (Bewley et al., 2014) . This mechanism differs from the one observed in our study in epithelial cells, which strictly requires PLY pore-forming activity (Figure 6b) . Finally, the α-toxin from Clostridium septicum, which belongs to a different family of pore forming toxins than CDCs, was shown to trigger programmed necrosis in myoblast cells and cathepsins release from lysosomes (Kennedy, Smith, Lyras, Chakravorty, & Rodd, 2009 ). The mechanism involves pores-mediated calcium influx and is associated with cell necrosis, which, again, differs from the mechanism observed here with LLO ( Figure 3 and Figure S2 ). to the lack of accumulation of permeabilized lysosomes over time (Andrews et al., 2014; Gonzalez et al., 2011; Idone et al., 2008; Peraro & van der Goot, 2016) .
One interesting hypothesis would be that LLO-induced LMP has different consequences depending on the cell type and may participate to cell death induction in only a specific subset of host cells. Apoptosis induced in response to Listeria infection has indeed been previously reported in vivo (Carrero & Unanue, 2012) . At the liver level, hepatocytes can die from apoptosis following infection, independently of circulating immune cells, which then triggers the release of neutrophils chemoattractants (Rogers, Callery, Deck, & Unanue, 1996) . Intracerebral infection leads to apoptosis of specific neurons from the hippocampal region (Schluter et al., 1998) . Finally, LLO can induce apoptosis of T lymphocytes at infective loci by both caspasedependent and caspase-independent pathways. One proposed mechanism is that LLO triggers the release of granzyme from lytic granules to the lymphocyte cytosol (Carrero, Vivanco-Cid, & Unanue, 2008) . As lytic granules are functionally related to lysosomal compartments, this mechanism interestingly echoes our observed LLO-dependent release of lysosomal cathepsins in epithelial cells.
Previous studies have reported a role for LLO in the alteration of Listeria internalization vacuole integrity, following bacterial entry (Henry et al., 2006; Shaughnessy et al., 2006) . These effects are mediated by LLO secreted intracellulary by engulfed bacteria and are restricted to the internalization vacuoles. In this study, we report an independent role of LLO, which, when secreted extracellularly, triggers host lysosomes permeabilization. The fact that other toxins, secreted by strictly extracellular pathogens, also induce lysosomes alterations strengthens our conclusions that LLO, as other CDCs, act in this case from the outside of host cells.
In conclusion, we have identified lysosomes as a previously 
| Bacterial strains
Listerias strains were grown in brain heart infusion broth or agar plates (BD Difco) at 37°C. Strains used in this study were L. monocytogenes EGD (BUG 600), the corresponding isogenic deletion mutants EGD Δhly (BUG 3650; see below), and chromosomally GFP-tagged EGD (EGD-GFP; BUG 2539) (Balestrino et al., 2010) and EGD Δhly (EGD Δhly-GFP; BUG 2786; see below).
| Generation of Δhly mutant strains
To generate L. monocytogenes EGD Δhly strain (BUG 3650), twõ 1,000 pb fragments flanking hly gene were PCR amplified from EGD chromosomal DNA. The primers used for the hly 5′ flanking fragment were 5′-ATACAGTCGACTTATTGTCCGCT-3′ and 5′-TACAAACGCGTGGGTTTCACTC-3′, and the primers used for the 3′ fragment were 5′-AACCCACGCGTTTGTAAAAGTAA-3′ and 5′-TGTATAGATCTAAGCGCTTGAAA-3′. After restriction of the amplified 5′ and 3′ fragments with SalI and MluI, and MluI and BglII, respectively, 5′ and 3′ fragments were coligated in the thermosensitive pMAD plasmid (Arnaud, Chastanet, & Debarbouille, 2004) digested by SalI and BglII, yielding the pMAD-Δhly plasmid (BUG3621). This plasmid was electroporated into L. monocytogenes strain EGD, and gene deletion was performed as described in (Arnaud et al., 2004) .
Deletion of the entire hly gene was confirmed by sequencing.
Chromosomally GFP-tagged EGD Δhly strain (BUG 2786) was obtained by electroporating pAD-cGFP plasmid into EGD Δhly strain as described in Balestrino et al., 2010. . These vectors were then used to purify pore-forming toxins from E. coli cell extracts as previously described (Glomski et al., 2002) . Purified pore-forming toxins were then added directly in culture medium of cells serum-starved for 2 hr as indicated in the text. 
| Bacterial infections
| Caspase 3 activity assay
Measurements of caspase-3 activity were performed using Colorimetric Caspase 3 Assay Kit (Sigma) according to manufacturer's instruction. After indicated treatments, HeLa cells were lysed at 4°C and centrifuged. Supernatants were incubated with caspase 3-specific substrate (Ac-DEVD-pNA substrate) overnight. P-Nitroaniline (pNa) production was determined by measuring absorbance at 405 nm using a Tristar LB 941 system (Berthold), and pNa calibration curves were used to calculate caspase activities. Forward-and side-scatter light was used to exclude cellular fragments, and at least 10,000 events were captured and analyzed using 
| Acid sphingomyelinase activity assay
CONFLICT OF INTEREST
The authors declare that they have no conflicts of interest with the contents of this article.
AUTHOR CONTRIBUTION
D. R. and P. C. conceived and designed the study. D. R., P. C., and J. M.
wrote the paper. D. R. and J. M. performed and analyzed the experiments. All authors reviewed the results and approved the final version of the manuscript.
